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Chromosome region maintenance 1/exportin1/Xpo1
(CRM1) associates with the GTPase Ran to mediate
the nuclear export of proteins bearing a leucine-rich
nuclear export signal (NES). CRM1 consists of helical
hairpin HEAT repeats and a C-terminal helical exten-
sion (C-extension) that inhibits the binding of NES-
bearing cargos. We report the crystal structure and
small-angle X-ray scattering analysis of a human
CRM1 mutant with enhanced NES-binding activity
due to deletion of the C-extension. We show that
loss of the C-extension leads to a repositioning of
CRM1’s C-terminal repeats and to a more extended
overall conformation. Normal mode analysis predicts
reduced rigidity for the deletion mutant, consistent
with an observed decrease in thermal stability. Point
mutations that destabilize the C-extension shift
CRM1 to the more extended conformation, reduce
thermal stability, and enhance NES-binding activity.
These findings suggest that an importantmechanism
by which the C-extension regulates CRM1’s cargo-
binding affinity is by modulating the conformation
and flexibility of its HEAT repeats.
INTRODUCTION
Chromosome region maintenance 1/exportin1/Xpo1 (CRM1)
belongs to the b-karyopherin protein family of importins and
exportins that transport macromolecular cargos between the
nucleus and the cytosol (Cook and Conti, 2010). CRM1 is regu-
lated by the small GTPase Ran, whose GTP-bound form
is abundant in the nucleus and scarce in the cytosol. CRM1 as-
sociates cooperatively with its cargos and with RanGTP in the
nucleus, forming a ternary complex that traverses the nuclear
pore complex (NPC) and dissociates in the cytosol with the aid1338 Structure 21, 1338–1349, August 6, 2013 ª2013 Elsevier Ltd Alof Ran-binding factors (RanBP1, RanBP2, and RanGAP) that
promote cargo release and GTP hydrolysis. Whereas most
exportins recognize one or only a few structurally related cargos,
CRM1 exports a wide diversity of cargos, including many tumor
suppressors, oncoproteins, and viral proteins (Gu¨ttler and Go¨r-
lich, 2011; Xu et al., 2012b), making CRM1 an attractive target
for fighting malignancy and disease (Etchin et al., 2012; Lapa-
lombella et al., 2012; Turner et al., 2012). CRM1 recognizes its
cargos through their leucine-rich nuclear export signal (NES), a
short motif characterized by four or five hydrophobic residues
(Gu¨ttler et al., 2010; Xu et al., 2012a). Like all exportins, CRM1
has intrinsically weak cargo-binding affinity that is strongly
enhanced by RanGTP. This is crucial for transport directionality,
ensuring that CRM1 binds cargos in the nucleus and releases
them in the cytosol.
Atomic structures of mammalian and fungal CRM1, alone and
in complex with different binding partners, have revealed that
CRM1 undergoes multiple conformational changes as it shuttles
between the nucleus, where cooperative assembly of the CRM1/
Ran/cargo complex occurs, and the cytosol, where the complex
disassembles (Dong et al., 2009b; Gu¨ttler et al., 2010; Koyama
and Matsuura, 2010; Monecke et al., 2009, 2013; Saito and
Matsuura, 2012). Human CRM1 consists of 1,071 residues orga-
nized into 20 (or 21 depending on numbering convention; Dong
et al., 2009b; Monecke et al., 2009) tandem HEAT repeats,
each forming a hairpin of helices denoted A and B. The repeats
define a ring-shaped solenoid, whose outer and inner surfaces
comprise the A and B helices, respectively. Ran binds inside
the ring, engaging the B helices of N- and C-terminal repeats
and an acidic loop within HEAT-repeat 9. The NES binds to
CRM1’s outer surface, occupying a groove formed by the A
helices of repeats 11 and 12 (Dong et al., 2009b; Gu¨ttler et al.,
2010; Monecke et al., 2009). The helical NES motifs of Snurpor-
tin1 (Spn1) and protein kinase A inhibitor (PKI) and the more
extended NES motif of HIV-1 Rev dock into a common set of
five hydrophobic pockets within this groove (Gu¨ttler et al.,
2010). The disassembly factor RanBP1 promotes cargo release
from the CRM1/Ran/NES complex by inducing the HEAT-9
loop to switch from a conformation interacting with Ran to al rights reserved
Table 1. Crystallographic Data Collection and Refinement
Statistics
Data Collection Variant 1 Variant 2
Space group C2221 C2221
Cell dimensions (A˚) a = 146.9, b = 246.8,
c = 106.3
a = 148.6, = 248.3,
c = 107.2
Solvent content (%) 69.7 70.5
ESRF beamline ID23-2 ID23-1
Wavelength (A˚) 0.8726 0.9754
Resolution (A˚; outer shell) 30–4.1 (4.35–4.1) 45–4.5 (4.75–4.5)
No. observed reflections 72,895 (8,572) 43,846 (6,398)
No. unique reflections 15,484 (2,486) 12,112 (1,722)
Rsymm (%) 12.4 (49.6) 15.1 (59.6)
<I/s(I) > 8.0 (2.6) 7.1 (2.4)
Completeness (%) 99.5 (99.9) 99.9 (99.9)
Multiplicity 4.9 (3.6) 3.6 (3.7)
Refinement
No. protein atoms 5,481 6,854
Rwork/Rfree (%) 26.2/29.8 22.9/26.9
Rmsd bond lengths (A˚) 0.003 0.003
Rmsd bond angles (o) 0.65 0.74
Molprobity Score
Overall 2.00 2.52
Clashscore 11.33 16.6
Ramachandran Analysis
Favored (%) 97.6 95.9
Generously allowed (%) 2.2 3.8
Disallowed regions (%) 0.3 0.3
See also Figures S1 and S3.
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Structure of a CRM1 C-Terminal Truncation Mutantconformation interacting with the B helices behind the NES-
binding groove, causing the latter to constrict and extrude the
bound NES (Koyama and Matsuura, 2010). In the absence of
Ran, the HEAT-9 loop plays an auto-inhibitory role by maintain-
ing the NES-binding groove in a constricted conformation
incompatible with NES binding (Fox et al., 2011; Monecke
et al., 2013; Saito and Matsuura, 2012).
In addition to its HEAT repeats, CRM1 also possesses a C-ter-
minal extension (C-extension, residues 1032–1071), composed
of a helix (C-helix) followed by a short stretch of residues
(C-tail). In the absence of Ran, the C-extension adopts a con-
spicuous conformation that bridges across the ring-shaped
molecule to interact with central HEAT repeats and the
HEAT-9 loop (Dong et al., 2009b; Monecke et al., 2013; Saito
and Matsuura, 2012), whereas in the presence of Ran the
C-extension is located on CRM1’s outer surface (Gu¨ttler et al.,
2010; Koyama andMatsuura, 2010; Monecke et al., 2009). Dele-
tion of the C-extension greatly enhances NES-binding affinity
(Dong et al., 2009a; Fox et al., 2011), indicating an auto-inhibitory
role for this element. Inhibition (at least partly) reflects stabiliza-
tion of the auto-inhibitory conformation of the HEAT-9 loop by
the C-tail, as seen in unliganded fungal CRM1 structures (Mon-
ecke et al., 2013; Saito and Matsuura, 2012). Interestingly, dele-
tion of the entire C-extension enhances NES-binding to a greater
extent than deletion of the C-tail (Fox et al., 2011), suggesting anStructure 21, 1338additional inhibitory effect of the C-helix besides that mediated
by the C-tail.
To better understand the role of the C-extension, we deter-
mined the crystal structure of a human CRM1 mutant lacking
the C-extension and measured small-angle X-ray scattering
(SAXS) data from the wild-type (WT) and mutant proteins. We
show that the C-extension stabilizes the C-terminal half of
CRM1 in a more compact conformation and that its deletion
induces CRM1 to adopt a more extended spiral shape. Normal
mode analysis predicts that the deletion mutant is less rigid
than WT CRM1 and suggests how this effect could facilitate
NES binding. These findings are supported by structure-based
mutagenesis combined with binding and thermal stability data.
The combined results shed light on the C-extension’s inhibitory
role, suggesting a level of regulation that directly targets the
dynamic flexibility of CRM1’s HEAT repeats.
RESULTS
Crystal Structure of CRM1DC
Wecrystallized a humanCRM1 construct lacking the 39C-termi-
nal residues that comprise the C-extension (CRM1DC, residues
1–1032). We used molecular replacement to solve the structures
of two variants of a single crystal form, which were characterized
by a high (70%) solvent content and limited diffraction power. By
conventional criteria, the resolution of these structures is 4.1 A˚
(variant 1) and 4.5 A˚ (variant 2). The inclusion of weak diffraction
data at higher resolution (3.6 A˚ and 4 A˚, respectively) and the use
of B-factor sharpening facilitated map interpretation, while the
availability of high-resolution CRM1 structures and the use of
DEN refinement (Schro¨der et al., 2010) helped ensure the accu-
racy of the final models (Rcryst/Rfree values of 0.262/0.298 and
0.229/0.269, respectively; Table 1; Figure S1 available online).
Although variant 1 diffracted at higher resolution, the density
was poor in certain regions and in particular precluded the
modeling of HEAT repeats 17–20. In contrast, variant 2 showed
clearer density in these regions and allowed the C-terminal
repeats to be modeled. Variant 2 thus provides the more com-
plete structure and is the focus of the analysis presented below.
The limited resolution of the diffraction data does not affect the
validity of this analysis, because the latter is restricted to a
discussion of conformational changes in which the shifts of heli-
ces or HEAT repeats exceed the positional uncertainty of these
elements in our atomic model.
The structure of CRM1DC is more similar to that of unbound
cytosolic CRM1 (Monecke et al., 2013; Saito and Matsuura,
2012; root-mean-square deviation [rmsd] = 4.3 or 4.4 A˚) than
to the Ran- and cargo-bound nuclear conformation (Monecke
et al., 2009; rmsd = 6.7 A˚). In particular, the central region
involved in NES recognition (including the HEAT-9 loop) is nearly
identical to that of unbound CRM1 (aligning repeats 9–12 with
unliganded yeast CRM1 yields an rmsd of 0.93 A˚ for 190 Ca
atoms). As in the unbound state, the HEAT-9 loop contacts the
B helices of repeats 10–12 behind the NES-binding groove, in
contrast to the Ran-binding conformation that contacts repeats
12–15 (Figures 1A and 1B). Also as in unbound CRM1, the NES-
binding groove is narrower than in cargo-bound structures,
with helices 11A and 12A closer by approximately 2 A˚. This
reduces the accessibility of NES-contacting atoms by over–1349, August 6, 2013 ª2013 Elsevier Ltd All rights reserved 1339
Figure 1. Crystal Structure of Human CRM1DC and Comparison to Liganded Mammalian CRM1 Structures
(A) Ribbon diagram of CRM1DC and of the CRM1 conformation in the CRM1/Ran/Spn1 complex (PDB code 3GJX). Blue to magenta coloring proceeds from N to
C terminus. The HEAT-9 loop is in green.
(B) Alignment of CRM1DC with the CRM1/Ran/Spn1 complex. For clarity, only the NES of Spn1 is shown. The Ran-binding (RB) and auto-inhibitory (AI) HEAT-9
loop conformations are labeled.
(C) NES-binding groove. CRM1DC and CRM1/Ran/Spn1 were aligned via repeats 9–11.
(D) Alignment of CRM1DCwith the CRM1/Spn1 complex (PDB code 3GB8) via repeats 8–10. Asterisks indicate interactions between theHEAT-9 loop and helices
11B and 12B that are disrupted upon Spn1 binding.
See also Figure S2.
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Structure of a CRM1 C-Terminal Truncation Mutant25%, yielding a severe steric clash between the groove-lining
residues of CRM1DC and the hydrophobic NES side chains of
a superimposed cargo-bound CRM1 structure (Figures 1C and
S2A). Comparison with the CRM1/Spn1 structure (Dong et al.,
2009b) suggests how cargo binding enhances CRM1’s affinity
for Ran: a Spn1-induced displacement of helices 11B and 12B
relative to helix 10B precludes the loop from maintaining its
interactions with all three helices, causing the HEAT-9 loop to1340 Structure 21, 1338–1349, August 6, 2013 ª2013 Elsevier Ltd Albecome disordered and hence more accessible for binding
Ran (Figure 1D).
The HEAT-repeat solenoid of CRM1DC defines an extended
spiral that contrasts with the compact ring-like shape observed
for liganded CRM1 structures (Figure 1A). The more open shape
extends the height of the molecule from 70 to 95 A˚, introducing
an10 A˚ gap between the N- and C-terminal repeats. The differ-
ence in shape involves a continuous deformation of the solenoidl rights reserved
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Structure of a CRM1 C-Terminal Truncation Mutantrather than discrete hinge-like motions and is most pronounced
for the N- and C-terminal regions (Figure S2B). The HEAT-repeat
conformation also differs from that of unliganded CRM1. Inter-
estingly, the available structures of unbound CRM1 themselves
differ in solenoid conformation, with the two crystal forms of
Chaetomium thermophilum CRM1 exhibiting a more extended
shape than that of yeast CRM1 due to a relative shift of N- and
C-terminal moieties. Accordingly, CRM1DC is more extended
than unbound yeast CRM1 (rmsd = 4.4 A˚) and is approximately
as extended as unbound C. thermophilum CRM1, although the
rmsd remains high (4.3 A˚) because the C-terminal half is more
compact in the latter structure whereas the N-terminal half is
more compact in CRM1DC (Figure S2C). These conformational
differencesmay at least partly reflect the effects of different crys-
tal packing environments on CRM1’s intrinsically flexible HEAT
repeats. Indeed, the N-terminal and central repeats of CRM1DC
mediate significant crystal contacts that could conceivably influ-
ence the conformations of these regions. (A detailed crystal
packing analysis is shown in Figure S3.) In contrast, the C-termi-
nal third mediates only tenuous contacts via flexible loops, with
no contacts involving the last four repeats, and hence is less
likely to be affected by crystal packing.
EM and SAXS Analysis of Full-Length CRM1
The fact that the CRM1DC crystal structure exhibits an inhibitory
conformation for the HEAT-9 loop and NES-binding groove is
somewhat unexpected, given the strongly enhanced NES-bind-
ing affinity reported for this mutant (Dong et al., 2009a; Fox et al.,
2011). This led us to wonder whether effects other than loss of
the C-extension’s stabilizing interaction with the HEAT-9 loop
might contribute to the enhanced affinity of CRM1DC. To
address this question, we sought structural data on full-length
human CRM1 to allow comparison with CRM1DC and directly
assess conformational changes induced by loss of the C-exten-
sion. Because extensive attempts to crystallize full-length CRM1
were unsuccessful, we used negative-stain electron microscopy
(EM) and SAXS to probe the WT conformation. In the unbound
state, human CRM1 is expected to have the same bridging
C-extension conformation (hereafter denoted ‘‘trans-ring’’) as
fungal CRM1 (Monecke et al., 2013; Saito and Matsuura,
2012), as opposed to the A helix-like conformation seen in
Ran-bound structures (Gu¨ttler et al., 2010; Koyama and Mat-
suura, 2010; Monecke et al., 2009). We reasoned that nega-
tive-stain EM could feasibly provide evidence for this, as
explained in the Supplemental Experimental Procedures. If the
C-extension crosses the solenoid ring, then particle orientations
presenting the C-helix approximately parallel to the image plane
should exhibit a central rod bisecting an outer ring of density,
resembling the Greek letter theta (q), the number 8, or the letter
‘‘e,’’ depending on the view (Figures 2A and S4A). Indeed,
such images were readily identified with single-particle image
analysis: density corresponding to the C-extension was discern-
ible in individual particles and strongly enhanced by particle
averaging, in agreement with reprojections calculated from the
unbound yeast CRM1 structure (Protein Data Bank [PDB] code
3VYC). This result is consistent with a significant population of
unbound human CRM1 possessing a trans-ring C-extension.
For further confirmation and to investigate the solenoid confor-
mation, we used SAXS, which provides structural informationStructure 21, 1338on native proteins in solution, unlike negative-stain EM, which
may distort (flatten) particles due to sample dehydration. We
measured SAXS data from human CRM1 and compared the
observed scattering to that predicted from the available CRM1
crystal structures, as well as hypothetical structures modeled
with an A helix-like or trans-ring C-extension (Figures 2B–2D).
The known crystal structures were denoted I–VIII according to
increasing gyration radius of the centers of their HEAT repeats
(as defined in Figure S2C) and include compact Ran-bound
structures (I–III) in which repeats 2–4 interact intimately with
repeat 20; intermediate conformations (IV–V), in which these
regions are slightly separated; and extended spiral forms
(VI–VIII), in which these regions are farthest apart. All CRM1
models with an A helix-like C-extension showed markedly
worse agreement with the SAXS data than their trans-ring
counterparts, confirming the bridging conformation in unbound
human CRM1 (Figure 2D). Notably, the CRM1DC crystal struc-
ture (modeled with a trans-ring C-extension) and the unbound
C. thermophilumCRM1 structures gave a poor fit (conformations
VI–VIII, c2 > 10), indicating that these extended conformations
inaccurately represent unbound human CRM1 (Figures 2C
and 2D). The highly compact conformations of Ran-containing
complexes also gave a relatively poor fit (conformations I–III,
c2 > 6). In contrast, the unliganded yeast CRM1 structure, which
exhibits an intermediate degree of compaction, showed excel-
lent agreement (conformation V, c2 = 1.6; Figures 2C and 2D).
Fitting the SAXS data simultaneously against all eight conforma-
tions did not further improve the fit, suggesting that the other
conformations were not significantly populated (Figure 2E).
Modifying the HEAT-9 loop of the yeast structure to have a
Ran-binding conformation also gave a worse fit (c2 = 2.47),
confirming a predominantly auto-inhibitory loop conformation.
Finally, ab initio calculations of a low-resolution shape unbiased
by knowledge of previous crystal structures yielded a toroidal
model closely matching the shape of unbound yeast CRM1 (Fig-
ures 2F and S4B). These data indicate that unbound human
CRM1 adopts a conformation more compact than that observed
in the CRM1DC crystal structure and closely resembling that of
unbound yeast CRM1.
SAXS Analysis of CRM1DC and Comparison to
Structures with a Trans-Ring C-Extension
The previous results imply that deletion of the C-extension shifts
human CRM1 to a more extended conformation. To confirm
this, we measured SAXS data from CRM1DC. Guinier analysis
revealed that CRM1DC has a larger radius of gyration
(Rg; 40.6 A˚) than WT CRM1 (39.5 A˚), confirming the latter’s
more compact shape (Table 2). This was also reflected in the
pair distance distribution function, which is shifted toward larger
distances for CRM1DC than for theWT (Figure 2G). Furthermore,
extended conformations VI–VIII represented by the CRM1DC
crystal structure (c2 = 2.7) and C. thermophilum structures
(modified by deleting the C-extension; c2 = 1.5) agreed better
with the observed scattering than the more compact structure
of unbound yeast CRM1 (conformation Vminus the C-extension;
c2 = 4.5; Figures 2C and 2D). Simultaneously fitting multiple
models improved the fit (c2 = 1.2) and indicated that the distribu-
tion of populated conformations was dominated by extended
structures (Figure 2E). Finally, ab initio calculations yielded an–1349, August 6, 2013 ª2013 Elsevier Ltd All rights reserved 1341
Figure 2. Negative-Stain EM and SAXS Analysis
(A) Negative-stain EM analysis of humanCRM1. Re-projections for three views of unbound yeast CRM1 (PDB code 3VYC) are comparedwith averaged images of
particles visualized by EM. The top, middle, and bottom views resemble the characters ‘‘q,’’ ‘‘8,’’ and ‘‘e’’ rotated by 90, respectively.
(B) HEAT-repeat conformations of known crystal structures. Structures were aligned via repeats 3–14. A sphere indicates the center of each repeat (as defined in
Figure S2C). Structures are numbered from I to VIII according to increasing gyration radius of the repeat centers, which are 33.42, 33.50, 33.96, 34.05, 35.28,
36.49, 36.51, and 36.76 A˚, respectively. (For 3VYC, which lacks repeat 1, density calculated from structure factors downloaded from the PDB allowed repeat 1 to
be modeled and the gyration radius to be calculated.)
(C) Left, SAXS data (black) from human CRM1 compared to profiles calculated from unbound yeast CRM1 (yCRM1, green) and the CRM1DC crystal structure
(modified to have a trans-ring C-extension; magenta). Right, SAXS data from CRM1DC compared to profiles calculated from unbound yeast CRM1 (minus the
C-extension) and the CRM1DC crystal structure. Magnified views are shown for s values of 0.4–0.8 nm1 and 0.8–1.2 nm1.
(D) Agreement between scattering measured from WT CRM1 (back two rows) or CRM1DC (front row) with that calculated from the indicated conformation by
program CRYSOL (Svergun et al., 1995). Bars marked with a black dot correspond to conformations observed in the original crystal structures. Unmarked bars
indicate corresponding hypothetical structures in which the C-extension was either deleted (DC) or modeled in the trans-ring (trans) or A helix-like (A-like)
conformation.
(E) Simultaneous fitting of multiple conformations to SAXS data measured fromWT (back row) or CRM1DC (front row) as determined by the program OLIGOMER
(Konarev et al., 2003). The eight conformations used to fit the WT data correspond to the original crystal structures (i.e., those marked with a black dot in D),
except conformation VII, which wasmodified to include a trans-ring C-extension. These same conformationsminus theC-extensionwere used to fit the CRM1DC
data. A larger bar indicates a greater contribution to the observed scattering. Whereas a single conformation (V) predominates for WT CRM1, a mixture of
extended conformations (VI, VII, and VIII at volume fractions of 0.41, 0.23, and 0.36, respectively) was found for CRM1DC.
(F) Ab initio beadmodels calculated for full-length CRM1 (top) and CRM1DC (bottom). The trans-ring C-extension ismissing from theWTmodel, as the thin row of
beads required to reconstitute this feature is excluded by the continuity criterion used during the ab initio calculation (Svergun et al., 2001).
(legend continued on next page)
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Table 2. Model-Independent Parameters Derived from SAXS
Data
WT CRM1DC L1033D Mut3xD
Rg (nm)
a 3.95 ± 0.01 4.06 ± 0.01 4.06 ± 0.02 4.30 ± 0.07
Dmax (nm) 11.43 11.76 12.50 13.80
Porod volume (nm3) 194.09 180.66 196.23 211.10
aRadius of gyration (Rg) was determined by Guinier analysis using the
program PRIMUS (Konarev et al., 2003).
Structure
Structure of a CRM1 C-Terminal Truncation Mutantopen spiral model consistent with the CRM1DC crystal structure
and distinct from the closed ring-like shape obtained for WT
CRM1 (Figures 2F and S4C).
The previous data confirm that deleting the C-extension from
humanCRM1 induces a shift toward amore extended conforma-
tion. Structurally aligning CRM1DC with unbound yeast CRM1
suggests how this shift arises: the C-terminal half of CRM1DC
is less compact than that in yeast CRM1 due to a relative
displacement of repeats 15–20 (Figure 2H). These repeats, which
correspond to a soluble CRM1 fragment previously identified by
limited proteolysis (Petosa et al., 2004), mediate only weak crys-
tal contacts in CRM1DC (via the two inter-repeat loops of repeats
15–17; Figure S3), making it unlikely that their displacement is a
crystal packing artifact. Moreover, the conformational difference
with CRM1DC is conserved across all structures possessing a
trans-ring C-extension (namely, unbound yeast CRM1, two crys-
tal forms of C. thermophilum CRM1 [one with two molecules in
the asymmetric unit] and the human CRM1/Spn1 binary com-
plex). Indeed, aligning these full-length structures reveals that
the N-terminal arch comprising repeats 1–8 and the C-terminal
arch bridged by the C-extension (repeat 9 to the C terminus)
constitute structurally conserved units whose relative orientation
varies in the different structures, consistent with a hinge region
between repeats 8 and 9 (Figure S4D). This can be seen from
the normalized rmsd (rmsd100) values, which allow alignments
involving different-sized fragments to be compared on the
same scale (Carugo and Pongor, 2001): values are substantially
smaller for the N- and C-terminal arches (0.72 A˚ and 0.66 A˚,
respectively) than for the entire protein (1.10 A˚; Table S1). The
highly conserved conformation of the C-terminal arch in these
structures and the relative outward displacement of repeats
15–20 in CRM1DC suggest that the C-extension acts as a brace
that locks these repeats in the inward position.
Normal Mode Analysis and Thermal Stability Data
We next conjectured that the brace-like role of the C-extension
increases the rigidity of the HEAT-repeat solenoid, which could
conceivably hinder NES binding. A convenient way to assess
overall rigidity is by normal mode analysis (NMA). NMA allows
the study of large-scale motions such as domain and subdomain
movements by decomposing these into different vibrational
modes and frequencies (Bahar et al., 2010). Each normal mode
is characterized by an eigenvector describing the mode coordi-(G) Pair distance distribution function. This plot describes the distribution of dist
Patterson function in crystallography. The rightward displacement observed for
(H) CRM1DC and unbound yeast CRM1 (yCRM1) structures aligned via repeats 3–
of 9 A˚ relative to CRM1DC.
See also Figure S4 and Table S1.
Structure 21, 1338nate and by an eigenvalue that scales with the square of the
vibrational frequency. Low-frequency modes require less energy
for a given size deformation than high frequency modes. The
slowest vibrational modes are most important; one or only a
few such modes typically account for most functionally relevant
domain motions (Krebs et al., 2002; Tama and Sanejouand,
2001; Yang et al., 2007). Furthermore, the normal modes of a
body are strongly influenced by its overall shape. Because the
‘‘e’’-like or theta-like shape of WT CRM1 differs considerably
from the spiral shape of CRM1DC that lacks the bridging
C-extension, the vibrational landscapes of these two molecules
are expected to differ significantly. Indeed, NMA performed on
the CRM1DC structure revealed that the slowest modes have
markedly smaller eigenvalues than those calculated for unbound
yeast CRM1 (Figure 3A), indicating that CRM1DC is more easily
deformed (less rigid). This difference in eigenvalues appears to
reflect structural differences (including loss of the C-extension)
rather than sequence divergence, as human CRM1 from
the CRM1/Spn1 binary complex, which structurally resembles
unbound yeast CRM1 (rmsd = 1.9 A˚), gives similarly high eigen-
values (Figure S5A).
Because structural rigidity is often related to thermal stability
(Za´vodszky et al., 1998) and because CRM1’s extended hydro-
phobic core is maintained by interactions within and between
HEAT repeats, we reasoned that the decreased rigidity predicted
for CRM1DC should lead to a reduction in thermal stability. To
verify this, we determined the melting temperature (Tm) of
CRM1DC and WT CRM1 by differential scanning fluorimetry
(DSF). Measurements performed at pH 7 reproducibly yielded
a lower Tm for CRM1DC (47.1
C) than forWT (48.9C; Figure 3B),
with a decrease in Tm of 0.4
C–3.2C (mean, 1.9 ± 0.8C) consis-
tently observed in all buffers between pH 6 and 9 (Table S2). For
comparison, point mutants that increase the Tm of dihydrofolate
reductase (43.4C) by 1.4C–2.2C decrease its NADPH-binding
affinity 30- to 75-fold (Yokota et al., 2010), suggesting that the
DTm observed for CRM1DC could feasibly reflect a shift in
conformational energy landscape sufficiently large to account
for this mutant’s enhanced NES-binding activity.
The normal modes predicted for CRM1 and CRM1DC provide
an insight into how increased rigidity could hinder NES binding.
The slowest vibrational mode of CRM1DC reveals an accordion-
like motion in which the spiral alternately opens and closes (Fig-
ure 3C). Similar motion has been described for the HEAT-repeat
PP2A phosphatase subunit PR65 (Grinthal et al., 2010) and is
predicted for other spiral-shaped karyopherins (Figure S5B).
This motion results in the alternate compression and expansion
of the outer layer of A helices and in converse movements for the
inner B helices. The A helix movements cause the width of the
NES-binding groove to oscillate (Figure 3D; Movie S1), while
the B helix movements could feasibly destabilize the auto-
inhibitory conformation of the HEAT-9 loop (as illustrated, for
example, in Figure 1D). Both effects would favor NES binding
by facilitating opening of the NES-binding groove. Interestingly,ances between all pairs of protein atoms and corresponds approximately to a
CRM1DC relative to WT is consistent with a more extended structure.
14. Repeats 14–20 of unbound yeast CRM1 show amean inward displacement
–1349, August 6, 2013 ª2013 Elsevier Ltd All rights reserved 1343
Figure 3. The Trans-Ring C-Extension Is Predicted to Rigidify CRM1
(A) NMA. Eigenvalues are shown for the 20 lowest-frequency normal modes for CRM1DC and unbound yeast WT. Modes 1–6 represent pure rotations and
translations. Small eigenvalues correspond to slow vibrational modes in which the molecule is easily deformed, larger eigenvalues to stiff vibrational modes with
reduced amplitudes.
(B) Thermal stability of CRM1 and CRM1DC determined by differential scanning fluorimetry, which exploits the increased fluorescence of an environmentally
sensitive dye as it interacts with the hydrophobic residues exposed by an unfolding protein. Measurements were made in HEPES buffer at pH 7.
(C) First vibrational mode of CRM1DC and unbound yeast CRM1 showing conformations at equilibrium and at phase values of +90 and 90 along the mode
coordinate.
(D) Fluctuations in the NES-binding groove due to the first vibrational mode. The +90 and 90 conformations are shown aligned via helix 11A.
(E) Fluctuations in width of the NES-binding groove. The distance between helices 11A and 12A (defined as the distance between the centers of mass of the Ca
atoms for residues 518–529 and 559–570 [human numbering]) was determined for the +90 and 90 phase of each normal mode. The change in distance
between these two phases is plotted. The slowest vibrational modes of unbound yeast CRM1display values considerably smaller than those observed for the first
vibrational mode of CRM1DC.
See also Figure S5, Table S2, and Movies S1 and S2.
Structure
Structure of a CRM1 C-Terminal Truncation Mutantin this normal mode the NES-binding groove is widest when the
N- and C-terminal HEAT repeats are closest together, consistent
with a recent molecular dynamics analysis of C. thermophilum
CRM1 that predicted a higher open probability for the NES-bind-
ing groove upon closing of the solenoid to a ring-like conforma-
tion (Monecke et al., 2013). In contrast, the slowest vibrational
mode of unbound yeast CRM1 and of the Spn1-bound human1344 Structure 21, 1338–1349, August 6, 2013 ª2013 Elsevier Ltd AlCRM1 conformation exhibits a distinct type of motion in which
CRM1 moves its N- and C-terminal halves by bending about
an axis roughly parallel to that of the C helix (Figure 3C; Movie
S2). As a result, helix 12A oscillates up and down relative to helix
11A, i.e., perpendicularly to the direction needed to open the
NES-binding groove (Figure 3D). Inspection of other low-fre-
quency modes calculated for these full-length structures alsol rights reserved
Structure
Structure of a CRM1 C-Terminal Truncation Mutantdid not reveal large fluctuations in groovewidth (Figure 3E). Thus,
NMA predicts two effects of the trans-ring C-extension: it rigid-
ifies the NES-binding groove by globally stiffening CRM1’s vibra-
tional modes and it reorients the slowest oscillations of the
groove-defining helices to be transverse to functionally relevant
motions.
Analysis of Point Mutations that Destabilize
the Trans-Ring C-Extension
To further verify the role of the C-extension, we introduced a
single (L1033D) or triple (R1016D/K1023D/L1033D; denoted
mut3xD) point mutation to destabilize the trans-ring conforma-
tion (Figure 4A). SAXS experiments confirmed that both mutants
had amore extendedmolecular shape, as determined byGuinier
analysis (showing an increase inRg; Table 2), by comparison with
scattering predicted fromCRM1 crystal structures (showing bet-
ter agreement with extended conformations; Figures 4B, 4C,
and S6), by ab initio calculations (yielding open spiral models;
Figure 4D) and by pairwise distance distributions (shifted toward
higher values; Figure 4E). In addition, both sets of mutations
significantly reduced thermal stability (Figure 4F; Table S2),
consistent with the lower expected rigidity of the mutant struc-
tures. To assess the effect of these mutations on NES-binding
affinity, we used a fluorescence polarization (FP) assay in which
the ability of WT or mutant CRM1 to bind a fluorescently labeled
PKI-NES peptide was determined. As expected, WT CRM1
bound the NES peptide with low affinity (Kd = 85 ± 5 mM) and
with greatly enhanced affinity upon addition of RanGTP (Kd =
0.15 ± 0.03 mM; Figure 4G). In the absence of Ran, the single
and triple point mutants enhanced the NES-binding affinity of
CRM1 by approximately 4- and 12-fold (Kd = 19 ± 2 mM and
7 ± 1.5 mM), respectively (Figure 4G). Notably, the effects
observed on the molecular shape, thermal stability, and NES-
binding affinity were all significantly greater for the triple than
for the single mutant, consistent with the triple mutant being
more effective at destabilizing the trans-ring conformation.
These results support the hypothesis that the C-extension
stabilizes the HEAT-repeat solenoid in a relatively compact, rigid
conformation that hinders NES binding.
DISCUSSION
Efficient nuclear export requires CRM1 to recognize a wide
diversity of cargos with high affinity in the nucleus while averting
adverse binding events in the cytosol. Previous studies identified
two structural elements of CRM1 as critical for maintaining the
low-affinity cytosolic state: the HEAT-9 loop and the C-extension
(Dong et al., 2009a; Fox et al., 2011; Koyama and Matsuura,
2010; Monecke et al., 2013; Saito and Matsuura, 2012). The
inhibitory action of the HEAT-9 loop is well characterized: by
interacting with the B helices behind the NES-binding groove,
the loop stabilizes the groove in a constricted conformation
refractory to NES binding (Fox et al., 2011; Koyama and Mat-
suura, 2010; Monecke et al., 2013; Saito and Matsuura, 2012).
Inhibition is relieved in the nucleus by RanGTP, which detaches
the loop from the groove-defining repeats, allowing the groove to
open. Stabilization of the auto-inhibitory HEAT-9 loop conforma-
tion by the C-tail (at least partly) explains why deletion or muta-
tion of the C-tail enhances NES-binding affinity (Fox et al.,Structure 21, 13382011; Monecke et al., 2013; Saito and Matsuura, 2012). Notably,
deleting the C-tail has a weaker effect on NES-binding than
deleting the entire C-extension (Fox et al., 2011), suggesting
an additional inhibitory function of the C-extension besides tail-
mediated effects.
Two aspects of conformational plasticity can be considered
for CRM1: the ability to adopt different conformations in different
ligation states and dynamic flexibility. The present study reveals
that the C-extension influences both aspects. In particular, loss
of the C-extension causes human CRM1 to adopt a more
extended conformation. This is shown by the radius of gyration
values, pair distance distribution functions, and ab initio bead
models derived from SAXS analysis (which inform on molecular
shape without reference to previous crystal structures) and by
fitting the SAXS data to known CRM1 structures (yielding better
fits to the CRM1DC data with extended conformations VI–VIII
and to the WT data with the more compact conformation V).
Further support comes from the fact that point mutations that
destabilize the trans-ring C-extension cause CRM1 to adopt a
more extended spiral shape. Interestingly, the conformation of
the C-terminal arch bridged by the C-extension is conserved
among crystal structures bearing a trans-ring C-extension and
exhibits an inward displacement of repeats 15–20 relative to
CRM1DC. This suggests that theC-extension tightens the curva-
ture of the HEAT-repeat solenoid by locking the C-terminal arch
in a more compact conformation. In contrast, the relative orien-
tation of the N- and C-terminal arches, which also contributes to
the overall shape of the solenoid, is variable in different CRM1
structures possessing a trans-ring C-extension, possibly reflect-
ing differences in crystal packing.
Regarding dynamic flexibility, NMA predicts that the WT
conformation stabilized by the trans-ring C-extension is more
rigid than that of CRM1DC, consistent with the latter’s decreased
thermal stability. This agrees with molecular dynamics simula-
tions reported for C. thermophilum CRM1, in which removal of
the C-extension caused the solenoid to sample a larger range
of conformations than the WT, indicating higher flexibility for
the mutant (Monecke et al., 2013). The C-terminal arch stabilized
by the C-extension includes the A helices that define the NES-
binding groove and the B helices that stabilize the auto-inhibitory
HEAT-9 loop conformation. The accordion-like motion of these
helices described by the lowest-energy vibrational normal
mode of CRM1DC (whereby the solenoid ring alternately opens
and closes) provides an intuitive feeling for how loss of the
C-extension could facilitate opening of the NES-binding groove
(directly via A and indirectly via B helix motions), although the
actual atomic trajectories are likely to be more complex. More
generally, our findings are in line with previous studies showing
that HEAT-repeat flexibility is an important aspect of importin
and exportin function (Conti et al., 2006; Forwood et al., 2010;
Kappel et al., 2010; Zachariae and Grubmu¨ller, 2006, 2008). In
particular, the hypothesis that CRM1’s C-extension inhibits
NES binding by rigidifying the HEAT-repeat solenoid is reminis-
cent of how the binding of RanGTP is proposed to lock importin
b into a more rigid conformation that impairs the binding of
FG-repeat containing nucleoporins to the outer surface of the
solenoid (Bayliss et al., 2000; Lee et al., 2005).
Unlike CRM1, exportins Cse1 and Xpot lack aC-extension and
instead rely primarily on changes in HEAT-repeat conformation–1349, August 6, 2013 ª2013 Elsevier Ltd All rights reserved 1345
Figure 4. Mutations that Destabilize the C-Extension Induce an Elongated CRM1 Conformation, Decrease Thermal Stability, and Enhance
NES-Binding Affinity
(A) Residues mutated in the interface between the C-helix and helix 20B. The CRM1 conformation from the binary CRM1/Spn1 complex (Dong et al., 2009b) is
shown. An asterisk indicates the three residues altered in mutant mut3xD. Residue Leu1033 makes hydrophobic contacts with Leu1019 and Val1020 on helix
20B. Replacement by a charged Asp residue would disrupt these interactions. Acidic C-helix residues Asp1029, Glu1036, and Glu1037 are close to basic
residues Lys1023 and Arg1016 on helix 20B. Replacement of the basic residues by Asp residues would introduce electrostatic repulsion and further destabilize
the bridging C-helix conformation.
(B) Agreement of different CRM1 structures with SAXS data measured from the L1033D and mut3xD mutants. Conformations I–VIII are as in Figure 2B. The
extended conformations fit significantly better (c2 = 3.6–6.7) than the intermediate and compact conformations (c2 7–16), with conformation VI giving the best fit
(c2 values of 4.6 and 3.6 for L1033D and mut3xD, respectively).
(C) Simultaneous fitting of multiple conformations to SAXS data from L1033D (c2 = 2.4) and mut3xD (c2 = 3.0). The fitting yields a predominance of extended
conformations for both mutants. See also Figure S6.
(D) Ab initio models calculated from SAXS data. The calculation reveals an open spiral structure for bothmutants that contrasts with the ring-like shape calculated
for WT CRM1 (Figure 2F).
(E) Pair distance distribution functions. Compared to the WT, the distributions for the two mutants are shifted toward higher values, consistent with a more
extended shape.
(F) Differential scanning fluorimetry reveals decreased thermal stability of the two mutants.
(G) NES-binding assay. WT (with or without 20 mM RanGTP) and mutant CRM1 proteins were incubated with fluorescent PKI-NES peptide and FP was deter-
mined. The means and SDs from three independent experiments are shown.
See also Figure S6.
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Structure
Structure of a CRM1 C-Terminal Truncation Mutantand direct Ran-cargo contacts to ensure low cargo-binding
affinity in the cytosol and cooperative assembly of the expor-
tin/Ran/cargo complex in the nucleus (Cook et al., 2005, 2009;
Matsuura and Stewart, 2004). Why does CRM1 operate differ-
ently? CRM1 is unique among structurally characterized b-kar-
yopherins in recognizing cargos via its outer rather than inner
surface. In addition, unlike the extensive interfaces seen in other
exportin-cargo complexes, NES recognition by CRM1 more
closely resembles an enzyme-substrate interaction in which a
narrow surface cleft binds a peptide ligand. These differences
contribute to CRM1’s versatility as an exportin, because the
modular NES peptide is sufficient to confer cargo status to any
protein and because an external binding site imposes fewer
steric constraints on cargo binding. However, the trade-off is a
loss of mechanical robustness: only a modest (2 A˚) shift in helix
position differentiates high-affinity from low-affinity binding, and
a cleft-like binding site on the convex solenoid surface would be
susceptible to fluctuations in HEAT-repeat conformation facili-
tating such a shift. Our data suggest that, by bridging across
the solenoid and rigidifying the HEAT repeats, the C-extension
reduces the amplitude of such fluctuations and helps prevent
spontaneous opening of the NES-binding groove.
Notably absent from our understanding of how CRM1 oper-
ates are the changes in conformation induced by NPC compo-
nents and CRM1 cofactors such as RanBP3 (Englmeier et al.,
2001; Lindsay et al., 2001), NLP1 (Waldmann et al., 2012), and
Nup98 (Oka et al., 2010). An attractive hypothesis is that the
C-extension and HEAT-9 loop are the molecular ‘‘handles’’ by
which these factorsmanipulate CRM1 to regulate export activity.
Indeed, RanBP3 may at least partly enhance CRM1’s Ran-bind-
ing activity by stabilizing the Ran-binding conformation of the
HEAT-9 loop (Langer et al., 2011). Whether additional compo-
nents of the nuclear transport machinery exert higher levels of
regulation by modulating dynamic or conformational aspects
of CRM1 export complex assembly is a question for future study.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
Human CRM1, point mutants and CRM1DC were recombinantly expressed in
E. coli and purified to homogeneity by NiNTA affinity chromatography, ammo-
nium sulfate precipitation and gel filtration on a Superdex200 (GE Healthcare)
column. Details are described in the Supplemental Experimental Procedures.
Crystal Structure Determination
CRM1DC was crystallized by hanging drop vapor diffusion. Diffraction data
were collected from cryoprotected crystals at ESRF beamlines ID23-1 and
ID23-2 and processed using XDS (Kabsch, 2010) and programs of the CCP4
suite (Winn et al., 2011). The structure was determined by molecular replace-
ment using Phaser (McCoy et al., 2007) and refined in PHENIX (Adams et al.,
2011) using DEN restraints from high-resolution CRM1 structures, as
described in the Supplemental Experimental Procedures.
EM, SAXS, and NMA
CRM1 was negatively stained with sodium silicotungstate and depicted with a
JEOL 1200 EX II microscope. Particles were selected and analyzed using
programs EMAN (Ludtke et al., 1999) and SPIDER (Frank et al., 1996), respec-
tively. SAXS data were collected at room temperature at ESRF beamlines
ID14-3 (WT, CRM1DC) and BM29 (WT, L1033D, mut3xD) on a Pilatus 1M
detector. Data were processed and analyzed using programs of the ATSAS
suite (Petoukhov et al., 2012), including the derivation of model-independent
parameters using PRIMUS, the fitting of scattering data to individual andStructure 21, 1338multiple crystal structures using CRYSOL and OLIGOMER, respectively, and
the calculation of ab initio bead models using DAMMIN and GASBOR. NMA
was performed using the NOMAD-Ref web server (Lindahl et al., 2006). Further
details are provided in the Supplemental Experimental Procedures.
Fluorescence Polarization Assay
A fluorescent PKI-NES peptide (SGNSNELALKLAGLDINKTE) was chemically
synthesized with an N-terminal carboxytetramethylrhodamine (TAMRA) moi-
ety (Peptide Specialty Laboratories). The peptide at 10 nM concentration
was incubated for 1 hr with WT or mutant CRM1 in 20 mM Tris-HCl pH 7.5,
130 mM NaCl, 2 mM MgCl2, 1 mM dithiothreitol, 0.1 mg/ml BSA, and 0.05%
b-octylglucoside. Binding was measured with fluorescence anisotropy at
25C in a Tecan Safire2 fluorimeter. Excitation and emission wavelengths
were 530 nm and 580 nm, respectively, and the slit width was 5 nm in both
cases. Binding curves were fit to a single-site binding model by nonlinear
regression. The Kd obtained for WT CRM1 (85 mM) is higher than that reported
in a previous study (15.6 mM; Fox et al., 2011). However, the latter study used a
YFP-NES fusion protein rather than anNES peptide, and so the difference in Kd
may be due to the additional residues N terminal to the NES motif or due to a
difference at the motif’s F0 position, known to affect binding affinity (Gu¨ttler
et al., 2010).
Differential Scanning Fluorimetry
Differential scanning fluorimetry was performed with 2 mMWT or mutant forms
of CRM1 in 200 mMNaCl and 100 mM of different buffers ranging from pH 6 to
pH 9, and a 5-fold dilution of SYPRO orange dye (Invitrogen), as described
(Ericsson et al., 2006). The dye was excited at 490 nm and emission recorded
at 575 nm. The temperature was increased by 1C/min from 25C to 75C.
Control assays in the absence of protein or dye were used to correct for back-
ground fluorescence.
ACCESSION NUMBERS
The PDB accession numbers for the coordinates and structure factors for
CRM1DC are 4BSN (variant 1) and 4BSM (variant 2).
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Supplemental Information includes Supplemental Experimental Procedures,
six figures, two tables, and twomovies and can be found with this article online
at http://dx.doi.org/10.1016/j.str.2013.06.003.
ACKNOWLEDGMENTS
We thank the ESRF and EMBL staff for beamline support, the EMBL Heidel-
berg Crystallization Platform for support, M. Delarue and M. Weik for helpful
discussion, U. Steuerwald and D. Lindner for technical support, the Rhoˆne-
Alpes region for a CIBLE fellowship to K.L., and the ANRS/Fondation de
France and ANR (Blanc ‘‘NucExp’’ grant) for funding. This work used the plat-
forms of the Grenoble Instruct Center (ISBG; UMS 3518 CNRS-CEA-UJF-
EMBL) with support from FRISBI (ANR-10-INSB-05-02) and GRAL (ANR-10-
LABX-49-01) within the Grenoble Partnership for Structural Biology (PSB).
Received: May 12, 2013
Revised: June 12, 2013
Accepted: June 13, 2013
Published: July 11, 2013
REFERENCES
Adams, P.D., Afonine, P.V., Bunko´czi, G., Chen, V.B., Echols, N., Headd, J.J.,
Hung, L.W., Jain, S., Kapral, G.J., Grosse Kunstleve, R.W., et al. (2011). The
Phenix software for automated determination of macromolecular structures.
Methods 55, 94–106.
Bahar, I., Lezon, T.R., Bakan, A., and Shrivastava, I.H. (2010). Normal mode
analysis of biomolecular structures: functional mechanisms of membrane pro-
teins. Chem. Rev. 110, 1463–1497.–1349, August 6, 2013 ª2013 Elsevier Ltd All rights reserved 1347
Structure
Structure of a CRM1 C-Terminal Truncation MutantBayliss, R., Littlewood, T., and Stewart, M. (2000). Structural basis for the
interaction between FxFG nucleoporin repeats and importin-beta in nuclear
trafficking. Cell 102, 99–108.
Carugo, O., and Pongor, S. (2001). A normalized root-mean-square distance
for comparing protein three-dimensional structures. Protein Sci. 10, 1470–
1473.
Conti, E., Mu¨ller, C.W., and Stewart, M. (2006). Karyopherin flexibility in nucle-
ocytoplasmic transport. Curr. Opin. Struct. Biol. 16, 237–244.
Cook, A.G., and Conti, E. (2010). Nuclear export complexes in the frame. Curr.
Opin. Struct. Biol. 20, 247–252.
Cook, A., Fernandez, E., Lindner, D., Ebert, J., Schlenstedt, G., and Conti, E.
(2005). The structure of the nuclear export receptor Cse1 in its cytosolic state
reveals a closed conformation incompatible with cargo binding. Mol. Cell 18,
355–367.
Cook, A.G., Fukuhara, N., Jinek, M., and Conti, E. (2009). Structures of the
tRNA export factor in the nuclear and cytosolic states. Nature 461, 60–65.
Dong, X., Biswas, A., and Chook, Y.M. (2009a). Structural basis for assembly
and disassembly of the CRM1 nuclear export complex. Nat. Struct. Mol. Biol.
16, 558–560.
Dong, X., Biswas, A., Su¨el, K.E., Jackson, L.K., Martinez, R., Gu, H., and
Chook, Y.M. (2009b). Structural basis for leucine-rich nuclear export signal
recognition by CRM1. Nature 458, 1136–1141.
Englmeier, L., Fornerod, M., Bischoff, F.R., Petosa, C., Mattaj, I.W., and Kutay,
U. (2001). RanBP3 influences interactions between CRM1 and its nuclear
protein export substrates. EMBO Rep. 2, 926–932.
Ericsson, U.B., Hallberg, B.M., Detitta, G.T., Dekker, N., and Nordlund, P.
(2006). Thermofluor-based high-throughput stability optimization of proteins
for structural studies. Anal. Biochem. 357, 289–298.
Etchin, J., Sun, Q., Kentsis, A., Farmer, A., Zhang, Z.C., Sanda, T., Mansour,
M.R., Barcelo, C., McCauley, D., Kauffman, M., et al. (2012). Anti-leukemic
activity of nuclear export inhibitors that spare normal hematopoietic cells.
Leukemia 27, 66–74. http://dx.doi.org/10.1038/leu.2012.1219.
Forwood, J.K., Lange, A., Zachariae, U., Marfori, M., Preast, C., Grubmu¨ller,
H., Stewart, M., Corbett, A.H., and Kobe, B. (2010). Quantitative structural
analysis of importin-b flexibility: paradigm for solenoid protein structures.
Structure 18, 1171–1183.
Fox, A.M., Ciziene, D., McLaughlin, S.H., and Stewart, M. (2011). Electrostatic
interactions involving the extreme C terminus of nuclear export factor CRM1
modulate its affinity for cargo. J. Biol. Chem. 286, 29325–29335.
Frank, J., Radermacher, M., Penczek, P., Zhu, J., Li, Y., Ladjadj, M., and Leith,
A. (1996). SPIDER and WEB: processing and visualization of images in 3D
electron microscopy and related fields. J. Struct. Biol. 116, 190–199.
Grinthal, A., Adamovic, I., Weiner, B., Karplus, M., and Kleckner, N. (2010).
PR65, the HEAT-repeat scaffold of phosphatase PP2A, is an elastic connector
that links force and catalysis. Proc. Natl. Acad. Sci. USA 107, 2467–2472.
Gu¨ttler, T., and Go¨rlich, D. (2011). Ran-dependent nuclear export mediators: a
structural perspective. EMBO J. 30, 3457–3474.
Gu¨ttler, T., Madl, T., Neumann, P., Deichsel, D., Corsini, L., Monecke, T.,
Ficner, R., Sattler, M., and Go¨rlich, D. (2010). NES consensus redefined by
structures of PKI-type and Rev-type nuclear export signals bound to CRM1.
Nat. Struct. Mol. Biol. 17, 1367–1376.
Kabsch, W. (2010). Xds. Acta Crystallogr. D Biol. Crystallogr. 66, 125–132.
Kappel, C., Zachariae, U., Do¨lker, N., and Grubmu¨ller, H. (2010). An unusual
hydrophobic core confers extreme flexibility to HEAT repeat proteins.
Biophys. J. 99, 1596–1603.
Konarev, P.V., Volkov, V.V., Sokolova, A.V., Koch, M.H.J., and Svergun, D.I.
(2003). PRIMUS - a Windows-PC based system for small-angle scattering
data analysis. J. Appl. Crystallogr. 36, 1277–1282.
Koyama, M., and Matsuura, Y. (2010). An allosteric mechanism to displace
nuclear export cargo from CRM1 and RanGTP by RanBP1. EMBO J. 29,
2002–2013.
Krebs, W.G., Alexandrov, V., Wilson, C.A., Echols, N., Yu, H., and Gerstein, M.
(2002). Normal mode analysis of macromolecular motions in a database1348 Structure 21, 1338–1349, August 6, 2013 ª2013 Elsevier Ltd Alframework: developing mode concentration as a useful classifying statistic.
Proteins 48, 682–695.
Langer, K., Dian, C., Rybin, V., Mu¨ller, C.W., and Petosa, C. (2011). Insights
into the function of the CRM1 cofactor RanBP3 from the structure of its
Ran-binding domain. PLoS ONE 6, e17011.
Lapalombella, R., Sun, Q., Williams, K., Tangeman, L., Jha, S., Zhong, Y.,
Goettl, V., Mahoney, E., Berglund, C., Gupta, S., et al. (2012). Selective inhib-
itors of nuclear export show that CRM1/XPO1 is a target in chronic lympho-
cytic leukemia. Blood 120, 4621–4634.
Lee, S.J., Matsuura, Y., Liu, S.M., and Stewart, M. (2005). Structural basis for
nuclear import complex dissociation by RanGTP. Nature 435, 693–696.
Lindahl, E., Azuara, C., Koehl, P., and Delarue, M. (2006). NOMAD-Ref: visual-
ization, deformation and refinement of macromolecular structures based on
all-atom normal mode analysis. Nucleic Acids Res. 34(Web Server issue),
W52–W56.
Lindsay, M.E., Holaska, J.M., Welch, K., Paschal, B.M., and Macara, I.G.
(2001). Ran-binding protein 3 is a cofactor for Crm1-mediated nuclear protein
export. J. Cell Biol. 153, 1391–1402.
Ludtke, S.J., Baldwin, P.R., and Chiu, W. (1999). EMAN: semiautomated
software for high-resolution single-particle reconstructions. J. Struct. Biol.
128, 82–97.
Matsuura, Y., and Stewart, M. (2004). Structural basis for the assembly of a
nuclear export complex. Nature 432, 872–877.
McCoy, A.J., Grosse-Kunstleve, R.W., Adams, P.D., Winn, M.D., Storoni, L.C.,
and Read, R.J. (2007). Phaser crystallographic software. J. Appl. Cryst. 40,
658–674.
Monecke, T., Gu¨ttler, T., Neumann, P., Dickmanns, A., Go¨rlich, D., and Ficner,
R. (2009). Crystal structure of the nuclear export receptor CRM1 in complex
with Snurportin1 and RanGTP. Science 324, 1087–1091.
Monecke, T., Haselbach, D., Voß, B., Russek, A., Neumann, P., Thomson, E.,
Hurt, E., Zachariae, U., Stark, H., Grubmu¨ller, H., et al. (2013). Structural basis
for cooperativity of CRM1 export complex formation. Proc. Natl. Acad. Sci.
USA 110, 960–965.
Oka, M., Asally, M., Yasuda, Y., Ogawa, Y., Tachibana, T., and Yoneda, Y.
(2010). The mobile FG nucleoporin Nup98 is a cofactor for Crm1-dependent
protein export. Mol. Biol. Cell 21, 1885–1896.
Petosa, C., Schoehn, G., Askjaer, P., Bauer, U., Moulin, M., Steuerwald, U.,
Soler-Lo´pez, M., Baudin, F., Mattaj, I.W., and Mu¨ller, C.W. (2004).
Architecture of CRM1/Exportin1 suggests how cooperativity is achieved
during formation of a nuclear export complex. Mol. Cell 16, 761–775.
Petoukhov, M.V., Franke, D., Shkumatov, A.V., Tria, G., Kikhney, A.G., Gajda,
M., Gorba, C., Mertens, H.D.T., Konarev, P.V., and Svergun, D.I. (2012). New
developments in the ATSAS program package for small-angle scattering data
analysis. J. Appl. Cryst. 45, 342–350.
Saito, N., and Matsuura, Y. (2012). A 2.1-A˚-resolution crystal structure of
unliganded CRM1 reveals the mechanism of autoinhibition. J. Mol. Biol. 425,
350–364.
Schro¨der, G.F., Levitt, M., and Brunger, A.T. (2010). Super-resolution biomol-
ecular crystallography with low-resolution data. Nature 464, 1218–1222.
Svergun, D., Barberato, C., and Koch, M.H. (1995). CRYSOL - a program to
evaluate X-ray solution scattering of biological macromolecules from atomic
coordinates. J. Appl. Crystallogr. 28, 768–773.
Svergun, D.I., Petoukhov, M.V., and Koch, M.H. (2001). Determination of
domain structure of proteins from X-ray solution scattering. Biophys. J. 80,
2946–2953.
Tama, F., and Sanejouand, Y.H. (2001). Conformational change of proteins
arising from normal mode calculations. Protein Eng. 14, 1–6.
Turner, J.G., Dawson, J., and Sullivan, D.M. (2012). Nuclear export of proteins
and drug resistance in cancer. Biochem. Pharmacol. 83, 1021–1032.
Waldmann, I., Spillner, C., and Kehlenbach, R.H. (2012). The nucleoporin-like
protein NLP1 (hCG1) promotes CRM1-dependent nuclear protein export.
J. Cell Sci. 125, 144–154.l rights reserved
Structure
Structure of a CRM1 C-Terminal Truncation MutantWinn, M.D., Ballard, C.C., Cowtan, K.D., Dodson, E.J., Emsley, P., Evans,
P.R., Keegan, R.M., Krissinel, E.B., Leslie, A.G., McCoy, A., et al. (2011).
Overview of the CCP4 suite and current developments. Acta Crystallogr. D
Biol. Crystallogr. 67, 235–242.
Xu, D., Farmer, A., Collett, G., Grishin, N.V., and Chook, Y.M. (2012a).
Sequence and structural analyses of nuclear export signals in the NESdb
database. Mol. Biol. Cell 23, 3677–3693.
Xu, D., Grishin, N.V., and Chook, Y.M. (2012b). NESdb: a database of NES-
containing CRM1 cargoes. Mol. Biol. Cell 23, 3673–3676.
Yang, L., Song, G., and Jernigan, R.L. (2007). How well can we understand
large-scale protein motions using normal modes of elastic network models?
Biophys. J. 93, 920–929.Structure 21, 1338Yokota, A., Takahashi, H., Takenawa, T., and Arai, M. (2010). Probing the roles
of conserved arginine-44 of Escherichia coli dihydrofolate reductase in
its function and stability by systematic sequence perturbation analysis.
Biochem. Biophys. Res. Commun. 391, 1703–1707.
Zachariae, U., and Grubmu¨ller, H. (2006). A highly strained nuclear conforma-
tion of the exportin Cse1p revealed by molecular dynamics simulations.
Structure 14, 1469–1478.
Zachariae, U., and Grubmu¨ller, H. (2008). Importin-beta: structural and
dynamic determinants of a molecular spring. Structure 16, 906–915.
Za´vodszky, P., Kardos, J., Svingor, and Petsko, G.A. (1998). Adjustment of
conformational flexibility is a key event in the thermal adaptation of proteins.
Proc. Natl. Acad. Sci. USA 95, 7406–7411.–1349, August 6, 2013 ª2013 Elsevier Ltd All rights reserved 1349
